Hypersensitivity is induced in many species of Acanthaceae and Gesneriaceae by local mechanical wounding. Once a plant of these species sustains a wounded leaf, it exhibits a temporary hypersensitive state and severe injury easily occurrs even in unwounded leaves. Locally wounded African violet (Saintpaulia sp.) plants sometimes show severe injury even at a noninjurious temperature for this species. This study was aimed to clarify changes in the temperature sensitivity of hypersensitivity-induced African violet plants by local wounding. The basal leaves of African violet 'Ritali' plants were cut as a local wounding treatment. The locally wounded plants were transferred to growth chambers at various temperatures and we evaluated the degree of leaf injury using an analysis software. In locally wounded plants, temperature sensitivity increased and leaf injury was observed even at 11°C, which is a noninjurious temperature for unwounded African violet. Such a wound-induced sensitivity to low temperature treatment (7°C for 1 h) quantitatively increased with local wounding severity. For the investigation of time-course changes in the hypersensitive state (wounding memory) of locally wounded plants, the plants were transferred to low temperature conditions at various intervals after the wounding treatment. The wounding memory was short-lived, that is, it was generally observed immediately after local wounding and then almost disappeared 30 min after. In conclusion, the low temperature sensitivity of African violet plants was enhanced by prewounding treatment.
Introduction
In nature, plants are exposed to wounding in various situations, such as mechanical wounding and pathogenor herbivore-induced damage. Plants develop many rapid-and systemic-defense strategies against local wounding (Leon et al., 2001; Ryan and Moura, 2002) . On the other hand, some plants are adversely affected by local wounding. In tomato plants, a strong inhibition of photosynthesis has been observed in unwounded leaves after a local wounding treatment (Herde et al., 1999) . Protoplasts isolated from unwounded leaves of locally wounded tomato plants are more fragile than those isolated from the leaves of unwounded tomato plants (Walker-Simmons et al., 1984) . Recently, we found that several plant species of Acanthaceae and Gesneriaceae sensitively respond to local wounding, that is, chlorotic injuries in unwounded leaves were often observed after local wounding treatment (Yang et al., 2002) . For example, unwounded leaves of plants, the lower leaves of which had been detached, easily turned brown due to cell death following weak stimuli, such as touching or water drops on leaves . We refer to such a wound-induced systemic sensitivity to leaf injury following weak stimuli as hypersensitivity (Yang et al., 2001 ).
Plants of the Gesneriaceae family are of tropical origin and the genus contains many chilling-sensitive species, such as Saintpaulia, Echimenensis, Streptocarpus, and Gloxinia. We often observed the occurrence of leaf injury in prewounded African violet (Saintpaulia sp.) plants even at a nonchilling temperature. This observation suggests that a local wounding treatment enhances the low temperature sensitivity of African violet. In many studies evaluating chilling stress in plants, detached leaves or cut organs have been used as experimental materials . However, it has not yet been evaluated whether wounding to plants or organs has some effects on the low temperature sensitivity. In the present study, the effect of prewounding on low temperature sensitivity was examined in African violet.
Materials and Methods

Plant materials
Shoots of the Saintpaulia sp. 'Ritali' regenerated from leaf explants by in vitro culture were planted in 128-cell plug trays of 5.5 cm cell diameter. Two months after planting, plants with 5-8 leaves were transplanted into 7.5 cm plastic pots (200 mL volume) containing peatbased potting mix (Metro Mix 360) and fertilized twice monthly with a complete fertilizer solution (Hanakoujou Takeda, Tokyo, Japan). The plants were irrigated with tap water as required and grown from early spring to summer in a greenhouse with 90% shading adjusted below 10000 lx at ambient temperatures ranging from 15 to 35°C. After 13-16 leaves were expanded, the plants were transferred to a controlled-environment growth chamber (16 h light, 3000 lx, 25°C; 8 h dark, 20°C, with a relative humidity of 50-60%), and kept for two days for acclimatization before treatments.
Local wounding and low temperature treatments
Local wounding treatment was performed by cutting 6-9 basal leaves per plant at the bottom of the petiole with kin scissors under room-light conditions (20-25°C, 470 lx). Before the low temperature treatment, locally wounded plants were checked as to whether their leaves showed symptoms of browning as a sign of cell death, and plants that showed no definite symptoms were used for the treatment. Low temperature treatment was performed at a certain temperature in dark conditions using controlled-environment growth chambers. Low temperature-treated plants were transferred to the growth chamber (16 h light, 3000 lx, 25°C; 8 h dark, 20°C, with a relative humidity of 50-60%) for two days and then transferred to a greenhouse (25°C, 10000 lx). The severity of leaf injury was evaluated in all treated plants as described by Yun et al. (1996) one week after transferring them to the greenhouse, because darkbrownish leaves caused by leaf injury turned to obvious chlorosis. Injury areas were evaluated as the percentage of brown-leaf area to the total leaf area.
Effect of local wounding treatments on subsequent
low temperature-induced leaf browning (Expt. 1) To elucidate whether local wounding treatment enhances low temperature sensitivity, locally wounded plants were transferred to growth chambers at various temperatures. The locally wounded and unwounded plants were kept in separate chambers for 1 h for the low temperature treatments at 5, 7, 9, or 11°C. The preliminary experiment revealed that unwounded 'Ritali' plants exhibited leaf browning when placed at less than 9°C for 8-9 h. Fifteen individual plants were used for each treatment.
4. Effect of the severity of local wounding on low temperature sensitivity (Expt. 2) To quantitatively evaluate the effect of wounding severity on leaf-browning responsiveness to low temperature, 1, 5, or 10 leaves were cut from each plant simultaneously as a local wounding treatment. Immediately following the local wounding treatment, the locally wounded and unwounded plants were transferred to 7°C conditions and kept for 1 h. Nine individual plants were used for each treatment.
5. Evaluation of the duration of wounding memory (Expt. 3) To elucidate how long the leaf-browning responsiveness to low temperatures lasts after local wounding, locally wounded plants were transferred to the low temperature conditions at various time intervals from local wounding to the initiation of the low temperature treatment. The locally wounded plants were transferred to a chamber at 7°C immediately following the local wounding treatment (0 min) or 10 min, 30 min, 1 h, 6 h, or 24 h after local wounding treatment and kept there for 1 h. During the interval before the low temperature treatment after the wounding treatment, the locally wounded plants were kept in the growth chamber (16 h light, 3000 lx, 25°C; 8 h dark, 20°C, with a relative humidity of 50-60%). Fifteen individual plants were used for each treatment.
Results
1. Effect of local wounding treatments on subsequent low temperature-induced leaf browning (Expt. 1) In unwounded plants, the injury was not observed in any leaves incubated at 7, 9, and 11°C within 1 h, except a slight browning (0.01%) was observed on the leaves at 5°C for 1 h (Fig. 2) . In the plants whose basal 6-9 leaves had been excised as local wounding treatment, their remaining unwounded leaves turned brown during a 1 h incubation at 5-11°C ( Figs. 1 and 2 ). The severity of leaf injury in the wounded plants increased from 7 to 15% with decreasing temperature from 11 to 5°C (Fig.  2) . Some of the unwounded plants showed leaf browning when the low temperature-duration exceeded 5-6 h at 5 and 7°C, but the severity was much lower than that observed in the wounded plants (data not shown). Under 5°C conditions, the locally wounded plants showed leaf browning earlier than the unwounded plants, that is, leaf injury was observed within 3-5 min after the initiation of the low temperature treatment in wounded plants (data not shown). These results suggest that local wounding treatment enhances the low temperature sensitivity of African violet.
2. Effect of the severity of local wounding on low temperature sensitivity (Expt.
2) The leaf-injury area of the unwounded plants was lower than 0.1% of the total leaf area when the plants were exposed to 7°C for 1 h. Under the same temperature conditions, the leaf-injury area increased with an increase in local wounding severity (Fig. 3) . The locally wounded plants exhibited 0.5, 5.5, and 13% browning of their unwounded leaves when 1, 5, and 10 leaves were cut off, respectively. These results suggest that the woundinduced hypersensitivity of African violet plants increases with local wounding severity.
3. Evaluation of the duration of wounding memory (Expt.
3) The locally wounded plants exposed to 7°C with different time intervals from local wounding to the initiation of the low temperature treatment exhibited different severities of leaf browning (Fig. 4) . The plants incubated immediately after wounding (0 min) exhibited the severest leaf injury: 20% of the total leaf area turned brown. The severity of injury decreased gradually as the time interval until transfer to low temperature conditions increased. The time interval of 10 min after local wounding led to a 2% leaf injury, and incubation for 30 min or more after local wounding treatment led to a slight leaf browning (< 1%). The level of hypersensitivity induced by local wounding fluctuated in that it persisted for about 10 min and then almost disappeared after 30 min. We refer to this persistence of the hypersensitive state after local wounding as wounding memory.
Discussion
To a greater or lesser degree, many plants of Acanthaceae and Gesneriaceae show rapid browning injury on their leaves distant from wound sites (Yang et al., 2002) . Moreover, the unwounded leaves of these plants undergo considerable leaf browning in response to weak mechanical stimuli, such as a water-drop stimulus, when the plants are in hypersensitive state ( Yang et al., 2003) . The present study revealed that local wounding treatment significantly enhanced sensitivity to the subsequent low temperature. The remaining unwounded leaves on the locally wounded plants were injured even at 11°C (Figs. 1 and 2 ), which is a noninjurious temperature for unwounded African violet plants. The temperature inducing chilling injury in African violet plants has been reported to be 5-6°C , and the plants are commercially grown at temperatures higher than 10°C in winter to inhibit low temperature injury. To our knowledge, this is the first report on the adverse effect of local wounding on low temperature sensitivity.
In the present study, the degree of leaf injury at 7°C was observed to be severest immediately after local wounding and decreased at 10 min (Fig. 4) . In our previous study, it was observed that the hypersensitivity of Ruellia macrantha (Acanthaceae) was induced within 1 min just after local wounding treatment, reached its maximum a further 2 min after, and gradually disappeared thereafter . A similar phenomenon was also observed in Streptcarpus holstii (Gesneriaceae) plants (Yang, 2003) .
It has been reported that some wound-responsive genes are expressed after wounding treatments, and the most rapidly induced ones were detected at 5-10 min after the wounding treatment Hara et al., 2000) . However, it is difficult to consider that such gene expressions are involved in hypersensitivity to low temperature in African violet plants, because the hypersensitivity was induced immediately after local wounding (Fig. 4) and leaf injury was already observed within a few min after the initiation of the temperature treatment. Wound-induced metabolites, such as ethylene or jasmonic acid, also cannot explain the rapid induction of hypersensitivity in these plants. We observed that the spraying of these compounds did not induce hypersensitivity in African violet plants (Yang et al., unpublished data) . It is possible that electrical or hydraulic signals (Boari and Malone, 1993; Malone, 1992; Malone and Stankovic, 1991; Pickard, 1973; Stankovic and Davies, 1997; Wildon et al., 1992) are involved in the induction of the hypersensitive state in Gesneriaceae or Acanthaceae plants, because we observed a high rate of stem-water flow above the wounded portion 1-2 sec after local wounding treatment by the stem heat balance method using Ruellia macrantha (Yang, 2003) . This suggests that a putative substance is transmitted through the xylem to distant unwounded leaves as a signal for hypersensitivity. The hypersensitivity that we observed may be a type of unknown physical state transiently induced by such rapid signals. Further physiological studies of how local wounding enhances low temperature sensitivity are needed. It is possible that this woundinduced phenomenon is not limited to African violet but is also seen in other plants as a type of adverse reaction. For evaluating environmental stresses on plants, sufficient attention must be paid to the mechanical wounding of plants used for experiments.
